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a)  
 
A prominent band centered at ∼1000-1300 cm-1 and associated with resonant 
enhancement of two-phonon Raman scattering is reported in multiferroic BiFeO3 thin 
films and single crystals. A strong anomaly in this band occurs at the antiferromagnetic 
Neel temperature, TN ∼375 °C. This band is composed of three peaks, assigned to 2A4, 
2E8, and 2E9 Raman modes. While all three peaks were found to be sensitive to the 
antiferromagnetic phase transition, the 2E8 mode, in particular, nearly disappears at TN on 
heating, indicating a strong spin-two phonon coupling in BiFeO3.  
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Multiferroics, specially materials that combine spontaneous magnetic and ferroelectric 
order parameters, are currently the subject of intensive investigations because of their potential 
for electrical control of magnetism, and vice versa.1-5 Bismuth ferrite, BiFeO3 (BFO), is probably 
the most widely studied, since it is exhibits multiferroicity at room temperature, with a 
coexistence of ferroelectricity and antiferromagnetism up to its Neel temperature of TN∼ 375 °C. 
At room temperature (RT), bismuth ferrite is a rhombohedrally distorted ferroelectric perovskite 
with space group R3c and Curie temperature, Tc ∼ 830°C.6 It also shows a G-type canted 
antiferromagnetic order below Neel temperature, TN ∼ 375 °C. It is not homogeneous in space in 
single crystals, but rather exhibits an incommensurately space-modulated spin structure along the 
(110)h.7  
While ferroelectricity is relatively easier to study in this material, the probing of 
magnetism is more challenging.8 In particular, the coupling between ferroelectricity and 
magnetism is of key significance. Several techniques such as diffraction experiments (x rays, 
electrons and neutrons),9 second harmonic generation (SHG),10,11 and recently Raman 
spectroscopy,12,13 have been employed. Evidence of the strong magneto-electric coupling in this 
material has been demonstrated by the observation of electrical control of both ferroelectric and 
antiferromagnetic domains in BFO films at room temperature.14 Temperature dependence studies 
of the SHG intensity has also shown an evident decrease when approaching Neel temperature, 
though separating the antiferromagnetic contribution to SHG still remains a challenge.8 Last 
year, Haumont et al. reported pronounced phonon anomalies around TN due to phonons 
influenced by spin correlations.12,13 The reported Raman spectra by Haumont et al. have not fully 
agreed with other theoretical and experimental Raman and IR studies on thin films, ceramics or 
bulk BFO single crystals, suggesting variability between different samples.15-20 The selection 
rules for the Raman active modes in rhombohedral R3c( ) symmetry predict only 13 active 
Raman phonons with A
6
3vC
1 and E symmetries, according to the irreducible representation, 
ΓRAMAN/IR=  4A1 + 9E. In polarized Raman scattering, the A1 modes can be observed by parallel 
polarization, while the E modes can be observed by both parallel and crossed polarizations. Since 
all these modes fall in the frequency range below ∼ 700 cm-1, most of the Raman studies have 
focused in this region, with the subsequent lack of information at higher frequencies. In this 
letter, we present Raman spectra in the 100-2000 cm-1 spectral range in thin films and bulk single 
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crystals. In addition to the well-understood Raman features in the low frequency region, the 
spectra show a very prominent band at ∼ 1000-1300 cm-1, which we associate with two-phonon 
Raman scattering, strongly enhanced due to the resonance with the intrinsic absorption edge. The 
temperature dependence of the two-phonon contribution to the total Raman spectrum has been 
analyzed in the proximity of Neel temperature. Remarkable changes in both, intensity and 
spectral shape have been observed, pointing out the strong spin-two phonon coupling in BFO. 
4.5 µm BiFeO3 films on (110) DyScO3 were grown by metalorganic chemical vapor 
deposition equipped with a liquid delivery system. Triphenylbismuth [Bi(Ph)3] and tris(2,2,6,6-
tetramethyl-3,5-heptanedionate)iron [Fe(thd)3] dissolved in tetrahydrofuran were used as the 
liquid metalorganic precursor materials. The supply rates for the bismuth and iron sources were 
7.8×10−6 and 1.22×10−6 mol/min, respectively, and the substrate was held 620 °C during 
deposition. The thick films were relaxed, and have (001)p pseudocube-on-psudocube epitaxial 
geometry, with trigonal C3v crystal structure. BiFeO3 single crystals with (001)p crystal faces 
were grown in a sealed platinum crucible from a flux melt of Bi2O3, Fe2O3, and NaCl 
(75.6:17.9:6.5 molar ratio). The flux was cooled during several days from 900°C to 820°C at a 
rate of 0.5° per hour. The crystals were removed from the flux by dissolving mechanically 
broken flux parts in diluted nitric acid.  Raman spectra were recorded in a back-scattering 
geometry by using a WITec alpha 300 S confocal Raman microscope. A grating with 600 
lines/mm blazed at 500 nm was used to provide spectral information in a high frequency range. 
Due to the considerable absorption of BFO at 514 and 488 nm excitation wavelengths, low laser 
excitation power density (~ 1mW/area) was employed to avoid significant heating effects. 
Temperature measurements up to 550 ºC were carried out by using a commercial LINKAM 
heating stage placed under the Raman microscope; The heating rate was 5 ºC/min. For the (001)p 
crystallographic growth planes studied here, the optic axis is at an angle to the surface, and 
polarized Raman signal mixes multiple polarizability tensor components; hence Raman spectra 
were collected in unpolarized geometry. 
Figure 1(a) and (b) shows the unpolarized Raman spectra as a function of temperature 
under excitation at 514 nm, for the BiFeO3 thin film and single crystal, respectively. As seen, 
both the thin films and the single crystal show the same Raman modes at similar energy 
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positions. When comparing the low frequency Raman modes in Figure 1 (100-700 cm-1), with 
those previously theoretical and experimentally reported, good agreement is obtained. The only 
difference is the prominent additional band around ~1000-1300 cm-1 which has not been reported 
before. Changing the excitation wavelength to 488nm led to no observed spectral shifts in this 
band; therefore, its Raman scattering nature is confirmed, excluding any possible phonon and/or 
magnon assisted luminescence in this region. The origin of this structure has been assigned to the 
combination of three different two-phonons Raman scattering in BFO labeled as 2A4, 2E8 and 
2E9, since their spectral positions correspond to practically double the energy values of the 
A(LO4) ∼480 cm-1, E(TO8) ∼550 cm-1 and E(TO9) ∼620 cm-1 normal modes of BFO 
respectively.15,16 The strong contribution of the two-phonon band to the total Raman spectrum 
has been attributed to a resonant enhancement with the intrinsic absorption edge in BFO (2.66 
eV). This is similar to the 2-phonon bands reported in hematite, α-Fe2O3, the simplest case of 
iron oxides containing only FeO6 octahedra.21,22 This resonant enhancement also explains the 
intensity increase observed when the excitation wavelength was tuned to 488 nm. Furthermore, if 
we use the striking spectral similarity between BFO and α-Fe2O3, the two phonon scattering 
band observed in BFO can be directly correlated with the strong band found at 1320 cm-1 in 
hematite, previously wrongly assigned as two magnon scattering, and later on identified as a 
two-phonons (∼620 cm-1) overtone.21,23 As the samples are heated (Fig. 1), the Raman modes 
gradually broaden, as well as slightly shift to lower wavenumbers, which is expected due to 
thermal expansion and thermal disorder respectively. The most striking feature, however, is a 
dramatic decrease in the total integrated intensity, as well as the spectral shape of the two-
phonon Raman band with increasing temperature.   
Figure 2 shows a detail of the Raman spectrum in the 700-1800 cm-1 wavenumber region 
below (RT) and above (400 °C) the antiferromagnetic phase transition in BFO.  In both cases, 
the broad two-phonons overtone can be fitted into three Gaussian bands peaking at around 968, 
1110 and 1265 cm-1 at room temperature and 961,1092 and 1258 cm-1 at 400 °C, i.e practically 
the double energy values of A4, E8 and E9 normal modes in BFO. From the fit, the full width at 
half maximum (FWHM) of these bands was found to be 115, 123 and 145 cm-1, respectively at 
RT and 145, 139 and 170 cm-1 at 400 °C. The spectral shifts and broadening occur due to thermal 
dependence of Raman modes. At first sight, on comparing both spectra, a clear change in the 
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spectral shape is observed, mainly due to the strongly reduction of the 2E8 contribution when 
passing through the antiferromagnetic phase transition.  
 Figure 3 shows the total contribution to the Raman spectra of the most intense 2E9 two-
phonon band (center at ∼1260 cm-1) as a function of sample temperature. In this figure the 
intensity of the two-phonons scattering I2P has been normalized to the one- phonon scattering 
intensity, IP, of the Raman active mode at 254 cm-1 and reduced by the appropriate thermal 
population factor    
2
22 )1)(()1)(( ++= pppP nInIR ωω           (1) 
where 1]1[)( −−= kThen ωω is the Bose-Einstein factor. By using the reduced Raman intensity 
given by R, the contribution of the Bose-Einstein population from the measured Raman intensity 
is eliminated, and the intensity changes can be compared independent of the population 
considerations. On approaching the Neel temperature, TN, a remarkable decrease in the 
temperature dependence of the integrated intensity of the two-phonon Raman scattering in 
BiFeO3 is seen, followed by a constant value after the antiferromagnetic phase transition. Similar 
results were obtained when the integrated intensity corresponding to the other two phonons 
overtone center at 965 and 1110 cm-1 was analyzed. Therefore, a strong interplay between the 
ferroelectric and magnetic subsystems of BFO can be concluded. We particularly note the high 
sensitivity of the two-phonon band to the antiferromagnetic phase transition in BFO as compared 
to the one-phonon scattering mode, since its total contribution to the Raman spectrum was 
referred (normalized) to the one-phonon band. Figure 3 also shows the ratio between 2E8 and 2E9 
two-phonons scattering integrated intensity Γ(2E8)/ Γ(2E9), as a function of temperature. As can 
be seen, it remains almost constant up to ~200 ºC and abruptly decreases in the vicinity of TN, 
supporting again the significant spin-two phonon coupling in BFO.  
A plausible model to explain this behaviour may relate to the specific bond motion of the 
Raman modes and the octahedral rotation along the [111] axis responsible of the weak 
ferromagnetism in BFO.24 Previous studies on the assignment of the Raman modes in BFO thin 
films with pseudo-tetragonal symmetry attributes the A1 modes and the low frequency E modes 
modes (< 400 cm-1) to Bi-O1 bonds. The higher frequency E modes are attributed to Fe-O bonds. 
Most specifically, some of them are related to Fe-O1 and others with Fe-O2, where O1 are axial 
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and O2 are equatorial ions.17 This assignment also agrees with other Raman scattering studies on 
Bi1-xNdxFeO3 multiferroic ceramics where a change of Bi-O covalent bonds is observed with 
increasing x.15 Therefore, from the results displayed in Figure 2, we can tentatively assign the 
2E8 overtone to Fe-O1 bonding and the 2E9 to Fe-O2 and hence relate it with the octahedral 
rotation critical to weak magnetism. Oxygen rotation plays an important role in the 
antiferromagnetism through superexchange, which is very dependent on bond angles. Thus, if 
there is spin-phonon coupling, the structural distortions due to the G-type canted 
antiferromagnetic order should be reflected in the evolution of Raman scattering spectra, which 
might explain the different evolutions of the two-phonons overtones on approaching the Neel 
temperature (See Fig. 3). We also note a recent work that reassigns the Raman mode at 550 cm-1 
as A1(TO) transversal mode since it was only observed in parallel polarized pump and Raman 
signals geometry.25 Though we cannot ascertain the new assignment in this study, the plausible 
explanation proposed could also account for this new assignment since a slight spin-phonon 
coupling to the antiferromagnetic phase transition is predicted for both the A1(TO) and E(TO) 
modes by first principle calculations.18,26  
In summary, a resonant enhancement of two-phonons Raman scattering in the vicinity of 
1200 cm-1 has been reported in BFO multiferroic system. Temperature studies well above the 
Neel temperature shows a strong coupling of the two-phonon band to the antiferromagnetic 
phase transition in BFO. Significant changes in the integrated intensity as well as in the spectral 
shape when approaching TN were observed. Additionally, since no dramatic changes - excepting 
for the intensity variations above mentioned- were observed in the overall Raman spectrum when 
crossing the Neel temperature, it is possible to conclude that the antiferromagnetic phase 
transition in BFO does not seem to be accompanied by dramatic structural changes. From the 
results presented in this work, it is clear that spin-phonon coupling, as well as the temperature 
dependence of the ferroelectric order parameter cannot be neglected in the proximity of TN.    
We acknowledge funding from the National Science Foundation grant numbers DMR-0512165, 
DMR-0507146, DMR-0213623, and DMR-0602986. 
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FIGURE CAPTIONS 
 
Figure 1.- (Color on line)Temperature-dependent (Room temperature to 550 °C) unpolarized 
Raman scattering spectra of BiFeO3 film (a) and bulk single crystal (b) recorded under excitation 
at 514 nm.  
 
Figure 2.- (Color on line). Detail of the Raman spectrum in the 700-1800 cm-1 wavenumber 
region. Solid lines are fits to three Gaussian functions corresponding to two-phonons replica of 
the A4 ∼483 cm-1, E8 ∼550 cm-1 and E9 ∼620 cm-1 normal modes in BFO respectively. (These 
modes have been marked in Figure 1 (a)). (a) Room temperature (b) T = 400 °C. 
 
Figure 3.- (Color on line). (Left axis)  Temperature dependence of the reduced integrated 
Raman intensity of the 1260 cm-1 two-phonons Raman scattering band in BiFeO3 normalized to 
scattering intensity of the 254 cm-1 phonon. A correction has been made to remove the 
dependence on thermal population factors. (Right axis) Integrated intensity ratio between 2E8 
and 2E9 two-phonons Raman scattering, Γ(2E8)/ Γ(2E9), as a function of the sample temperature. 
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